Introduction
Acquisition of nutrients from the surrounding environment is a prerequisite for cell survival. In order to adapt to variations in nutritional availability, cells have developed systems for scavenging nutrients from the environment. In the case of inorganic phosphate (Pi), Saccharomyces cerevisiae has developed two transport systems: a low-affinity transport system composed of Pho87 (Bun-ya et al. 1996) , Pho90 and Pho91 (Wykoff & O'Shea 2001) , and a high-affinity transport system composed of Pho84 (Bun-ya et al. 1991 ) and Pho89 (Martinez & Persson 1998) . The low-affinity system is operational when there is a surplus of Pi in the surrounding environment, and its upregulation is independent of the PHO-regulon (Tamai et al. 1985 , Ogawa & DeRisi 2000 . During conditions where there is a low external availability of Pi, the PHO-regulatory pathway is activated. This will result in an upregulated expression of PHO-responsive genes, which include the highaffinity transporters and several secreted phosphatases (e.g. PHO5) (Oshima 1997) . Moreover, negative regulators, such as Spl2 (suppressor of PLc1 deletion), will be expressed conferring a downregulation of the lowaffinity transporters (Ghillebert et al. 2011) .
Arguably, the Pho84 phosphate:H + transporter is the most thoroughly studied high-affinity phosphate transporter (Mouillon & Persson 2006 , Lundh et al. 2009 . A theoretical in silico model of the Pho84 has been constructed using the crystal structure of the GlpT (Huang et al. 2003 ) as a template (Lagerstedt et al. 2004) . In contrast to the Pho84, the contribution of the cation-coupled Pho89 in providing the cell with sufficient Pi seems to be of a minor role. The reason for this apparent redundancy of Pho89 towards cell survival is due to the fact that the pH optimum for transport activity is 9.5 (Martinez & Persson 1998) , which exceeds that from the natural slightly acidic environment that is preferred by S. cerevisiae.
The Pho89 (2.A.20.2.2) is classified amongst the Pi transport family (PiT/SLC20, 2.A.20), where it utilizes the free energy provided by the downhill Na + ion concentration gradient as the driving force to mediate transport of Pi in a symport manner (Martinez & Pers- (Salaün et al. 2001 ) topology model. The sequences were aligned using ClustalW2 (http://www.ebi.ac.uk/). The conserved glutamic acid residues are indicated with their corresponding positions in Pho89. (b) Phosphate uptake activity as measured with radioactive phosphate in a short-term uptake assay using a saturating phosphate concentration and cells grown in LPi conditions. WT activity (1.07 nmol/min per g cells, dry weight) was put as 100%. The result is shown as percentage of WT transport activity with SEM indicated. The data shown represent the mean ± SEM for two independent experiments (N = 8). (c) Cells expressing WT or mutant alleles of Pho89 were collected after 5 h LPi growth and subjected to Western blot analysis. A signal at 62 kDa, corresponding to the Pho89 protein, was detected in all samples to a similar extent indicating same level of Pho89 protein in all samples. PAM2 (pho84∆ pho89∆) was used as a negative control (no signal was detected for Pho89; not shown in figure) .
son 1998). The most extensively studied members of the PiT family are the human hPiT-1 (human phosphate transporter 1) and hPiT-2 (human phosphate transporter 2) (Tailor et al. 1993; Miller et al. 1994 ). These transporters have been shown to be involved in osteoblastic mineralization (Palmer et al. 1999 ) and vascular calcification (Jono et al. 2000) . The human sodium-coupled phosphate transporter, hPiT-2, harbors two glutamic acid residues, at positions 55 and 575, which are important for Na + -dependent Pi transport (Bøttger & Pedersen 2002) . Moreover, it has been recently shown that the E575K mutation in hPiT2 occurs in familial idiopathic basal ganglia calcification, a genetic condition with a wide spectrum of neuropsychiatric symptoms, including Parkinsonism and dementia (Wang et al. 2012) . This mutant allele results in a lossof-function of the hPiT2 phosphate transport, which leads to a disturbed regional Pi homeostasis. Both glutamates, E55 (TM 2) and E491 (TM 10) in Pho89 (Fig. 1a) , are conserved in alignments of PiT family members representing all kingdoms of life (Bøttger & Pedersen 2002) , which suggests a similar importance for Na + -dependent Pi uptake. Because of the fact that E491 in Pho89 and E575 in hPiT2 are conserved, S. cerevisiae could serve as an alternative model to understand the molecular basis of diseases as familial idiopathic basal ganglia calcification.
In the present paper we have addressed the functional importance of E55 and E491 towards phosphate transport in the Pho89 transporter, as measured by 32 P-uptake. We found that both residues are important for Pho89 phosphate transport, which correlates to the studies performed on the hPiT2. Based on this functional importance and their predicted transmembrane (TM) locations, we also propose a new theoretical topological model of the Pho89.
Material and methods

Materials and strains
Chemiluminescence detection kit and horseradish peroxidase conjugated anti-rabbit-IgG-antibody were obtained from GE (USA). The Pho89 antibody has been described previously (Zvyagilskaya et al. 2008) . Carrier free [
32 P] orthophosphate was obtained from Perkin Elmer (USA). All other materials of reagent grade were obtained from commercial sources. The S. cerevisiae strain PAM2 (MATa pho3-1 ∆pho84::HIS3 ∆pho89::TRP1 ade2 leu2-3,112 his3-532 trp1-289 ura3-1,2 can1) (Martinez & Persson 1998 ) was used in this study.
Selection of residues for mutagenesis
To identify residues that are conserved between the Pho89 (UniProt accession number: P38361) and hPiT2 (Q08357) protein sequences obtained from the UniProt server (http://www.uniprot.org/) were aligned using CLUSTALW (http://www.ebi.ac.uk/).
Strain construction The PHO89
WT gene was amplified from the MB192 strain (Bun-ya et al. 1991) using sense (5'-GAGAGAGAGACAT ATGATGGCTTTACATCAATTTGACTATA-3') and antisense (5'-GAGAGAGAGAGGATCCTCATTATGTCATT TGGTATTCCAC-3') primers, introducing NdeI and BamHI restriction sites, respectively, which was used for cloning the gene into the pU6H2MYC plasmid (De Antoni & Gallwitz 2000) . The pU6H2MYC/PHO89
WT construct was used as a template for site-directed mutagenesis. Mutants were created using the Quickchange TM II mutagenesis kit (Agilent, USA) according to the manufacturer's protocol. The primers used for the mutagenesis are listed in Table 1 . PCR-amplified cassettes containing the sequence encoding the wild-type (WT) and mutant alleles, and a Kan R selection marker, were introduced in the genome by homologous recombination following transformation using the LiAc method (Gietz & Woods 2002) . Positive transformants were selected on yeast-extract-peptone-dextrose (YPD) plates containing 400 µg/mL of G418 and restreaked on fresh YPD plates (400 µg/mL of G418). The integrity of WT and mutant alleles were verified by DNA sequencing. 18 Ci/µmol; 1 mCi = 37 MBq) and KH2PO4 to a final concentration of 0.22 mM. Cells were resuspended at 1 mg/mL (wet weight) in buffer containing 25 mM Tris-succinate (pH 8), supplemented with 3% glucose and 10 mM NaCl. After 5 min of incubation at room temperature, the reaction was stopped by addition of 3 mL of ice-cold 25 mM Trissuccinate (pH 8) buffer. Cells were rapidly filtered (Whatman GF/F filters, UK) and radioactivity retained on the filters was determined by liquid scintillation spectrometry. Specific activities were calculated as nanomole phosphate uptake per minute per milligram dry weight of cells. The obtained results are the result of two independent experiments, for which each experiments contains four measuring points. The errors are represented as SEM (calculated with GraphPad Prism 5; La Jolla, CA, USA).
Immunoblot analysis of Pho89 expression
Cells grown for 5 h in LPi were collected by centrifugation at 3,500×g for 10 min. Following centrifugation, cells were resuspended in ice-cold extraction buffer (50 mM NaCl, 20 mM Tris, pH 7.5, 10% glycerol (v/v), 1 mM EDTA, 0.1% n-dodecyl β-D-maltoside (w/v)) supplemented with 1 mM PMSF. Crude extracts were prepared by vigorous vortexing with glass beads (0.5 mm), five times for 1 min and cooled in between on ice. The extracts were cleared from debris and unbroken cells by centrifugation for 4 min at 10,000×g. The resulting supernatant was centrifuged for 30 min at 20,000×g. The obtained pellet was resuspended in extraction buffer without PMSF and the protein concentration was estimated using the Bradford assay (Biorad, USA). Equivalent amounts of solubilized protein (10 µg) were separated by 10% SDS-PAGE gel (Laemmli 1970 ). Immunoblotting to PVDF membranes (Immobilon-P, Millipore, USA) was carried out according to the manufacturer's protocol (GE, USA). The PVDF membranes were incubated overnight with Pho89 antibodies (Zvyagilskaya et al. 2008) . After a short incubation with chemiluminescent substrate, the blot was exposed to X-ray film and developed.
Topology model
Putative TM domains were predicted using three different prediction algorithms, which all are freely available online: TMHMM server 2.0 (Krogh et al. 2001) , HMMTOP 2.0 (Tusnady & Simon 2001) and TOPCONS (Bernsel et al. 2009 ). Amino acid positions of the predicted TM segments are listed in Table 1 .
Results and discussion
Exchange of E55 and E491 with either lysine or glutamine severely impairs NaPi transport Transformation of the PAM2 (pho84∆ pho89∆) strain with PHO89 WT gene restores the phosphate uptake activity of cells grown during LPi conditions, indicating that the homologous expression yields a functionally expressed Pho89. The total transport activity of the WT protein during our assay conditions was determined to 1.07 nmol/min per g cells (dry weight), which is in agreement with previous observations (Martinez & Persson 1998) . In Pho89 mutants where E55 is replaced with either lysine or glutamine, the transport activity is almost completely abolished. A similar effect is observed in mutants where E491 is replaced with a lysine. When replacing E491 with a glutamine, a drastic decrease in uptake activity was observed, albeit to a lesser extent as compared to the E491K mutation (Fig. 1b) . The apparent Km for E491Q was determined at 1.85 mM. Previous studies estimated the Km to be between 0.5 µM (Martinez & Persson 1998) and 38 µM (Zvyagilskaya et al. 2008) . This indicates that the affinity for Pi is drastically reduced for the E491Q mutant allele, which leads us to hypothesize the involvement of this residue in Pi binding. These effects are similar to the results of mutational studies of the hPiT2, with the exception that for the hPiT2 any replacement of the two E abolished activity. The equivalent of E55 in hPiT1, E70, was also replaced by a lysine, yielding similar result as in Pho89 (Bøttger & Pedersen 2011) . Our results indicate that these conserved glutamate residues are important for the transport function in Pho89.
Immunoblot analysis of enriched membrane fractions of transformed cells using antibodies directed against Pho89 confirmed the expression and membrane localization of WT and mutant proteins under phosphate-limiting conditions (Fig. 1c) . Signals corresponding to the size of the Pho89 were immunodetected in the membrane preparation of transformed cells, but not in untransformed PAM2 (pho84∆ pho89∆) cells. All mutant proteins exhibit similar protein levels as for the WT protein, indicating that the mutations did not influence the overall structure and stability of the protein. Similar impact upon mutating E55 and E575 was shown for hPiT2, where the authors also made use of the retroviral receptor function as a control for proper folding of the mutants (Bøttger & Pedersen 2002) . The corresponding mutations left the receptor function undisturbed, which made the authors propose an intact structure of the protein (Bøttger & Pedersen 2002) .
Topology prediction of Pho89
A previous secondary structure prediction (Martinez & Persson 1998 ) allocated 12 TM segments to the Pho89 with the N-and C-domains connected by a large extracellular loop, resulting in 7 + 5 membrane-spanning segments. Moreover, both the N-and C-termini of the protein were predicted to be on the cytoplasmic side of the plasma membrane. During this study only one prediction method was applied. Here, a more extensive prediction of potential TM segments was performed on the entire Pho89 sequence (as described in Materials and methods). In the present secondary structure prediction, the total number of predicted TM segments varies from 10 to 12, with some minor differences in amino acid location (Table 2) . A large intracellular loop between TM 7 and 8, consisting of the residues 244-402, connects the N-and C-terminal domains of the protein, resulting in a 7-(3)5 membrane spanning segment buildup. In contrast to the previous prediction, here the N-and C-termini are predicted to be on the periplasmic side of the membrane, which is similar to the hPiT2 topology model proposed by Salaün et al. (2001) . The highest similarity between the different TM predictions is found in the N-terminal domain of the protein. The number of TM segments predicted is consistently seven, with only minor variations in the number of residues being part of the TM occurring (Table 2). The discrepancy in total number of TM segments is due to the higher variation in the predicted TM segments in the C-terminal domain of the protein.
TOPCONS predicts five C-terminal TM segments, with only a glycine in between TM 10 and 11, resulting in a total number of TM segments to 12. HMMTOP predicts four C-terminal TM segments, resulting in a total number of 11 TM segments. TMHMM predicts only three C-terminal TM segments, resulting in a total number of 10 TM segments.
On the basis of the different TM predictions, residue E55 is in all predictions located on TM 2. The location of E491 is prediction method-dependent, according to: (i) TOPCONS in TM 10; (ii) HMMTOP in a cytoplasmic loop connecting TM 9 and 10; (iii) TMHMM in a large cytoplasmic loop connecting TM 9 and 10. Predictions performed for the hPiT2 rendered seven plus five TM regions, connected by a large intracellular loop, and both termini on the periplasmic side; which has been experimentally verified (Salaün et al. 2001) . For Pho89, the TOPCONS algorithm predicts a similar topology as for hPiT2.
In conclusion, here we report for the first time the identification of amino acid residues, E55 and E491, playing crucial functional roles in the Pi transport by the Pho89 transporter. These findings are in agreement with results obtained for the human homologues hPiT-1 and hPiT-2. The TOPCONS prediction of Pho89 is the most agreeable topology with the experimental validated hPiT2 topology. Our results suggest that the location of E55 and E491 might be similar to that of the E55 and E575 in hPiT2. Taken these observation into account, we propose a 7-5 TM organization of the Pho89, resulting in E55 and E491 being located in TM 2 and TM 10, respectively (Fig. 2) . In order to confirm our topology model and to understand the underlying transport mechanism of the Pho89, further investigations are being undertaken.
